Introduction
============

From the moment of conception, mothers provide a supportive environment for offspring development. Mother--fetus interactions during this period are largely mediated by hormonal communication. Progestogens, pro-gestational hormones, such as progesterone (P~4~) and its 5α-reduced/3α-hydroxylated metabolite, allopregnanolone (AlloP), may play an important role in developmental programming of offspring, which can have pervasive effects throughout the lifespan. How responses to specific challenges, during critical periods of development, alter the vulnerability or phenotype of offspring, and the potential mediation of AlloP, is the subject of this review. This review discusses findings regarding *in utero* maternal--offspring interactions via prenatal stress (PNS), which may influence drug effects and addiction, as well as other neurodevelopment-, neuropsychiatric-, and/or neurodegenerative-relevant processes in people and animal models. The emphasis on PNS and vulnerability to substance use and addiction may be one example of behavioral programming that can be influenced by pervasive changes in neuroendocrine milieu. The impact of PNS on addiction and drug effects is discussed. Next, how addiction-relevant brain circuits are changed by PNS is covered. Then, the role of stress and neuroendocrine regulation, as mediators of these effects are summarized. In particular, the role of progestogens, which mediate the stress axis and exert activating and/or organizing functions, are emphasized. The broader context and the role of AlloP mediating neurodevelopmental, neuropsychiatric, and/or neurodegenerative functions, that are relevant for drug abuse, are integrated. Thus, this review focuses on putative neuroendocrine mechanisms by which PNS may confer vulnerability to addiction and/or its related sequelae.

Impact of Prenatal Stress on Animal Models of Addiction and Vulnerability
=========================================================================

Prenatal stress increases the vulnerability to engagement in drug of abuse consumption. Several studies have revealed that PNS heightens the response to, and/or seeking of, stimulant drugs. Enhanced psychomotor activation in response to stimulants occurs in adult PNS male rats following challenge with amphetamine (Deminiere et al., [@B43]), cocaine (Kippin et al., [@B129]), or nicotine (Koehl et al., [@B133]), as well as in adolescent females (males were not examined in this report) following challenge with methylenedioxymethamphetamine (Morley-Fletcher et al., [@B165]). Further, greater behavioral sensitization has been observed in adult PNS males following repeated amphetamine injections (Henry et al., [@B106]) and in adult PNS females, but not males, following repeated cocaine injections (Thomas et al., [@B223]). Additionally, PNS appears to alter amphetamine-induced directional biases in adult female and male rats (Weinstock and Fride, [@B237]). Thus, PNS-induced changes in developmental programming impact subsequent psychomotor stimulant responses in both males and females, yet, PNS males may exhibit a more robust response to amphetamines.

Despite having different mechanisms of action, PNS can increase intake and seeking behavior of several drugs of abuse, including amphetamines, cocaine, and alcohol. Adult PNS male rats trained to self-administer amphetamine (30 μl/infusion, IV) or cocaine (escalating 0.3--0.5 mg/kg/infusion, IV) exhibit higher intakes, as well as response rates, relative to controls (Deminiere et al., [@B43]; Thomas et al., [@B223]). PNS may also influence the response to alcohol and increase alcohol-seeking behavior. Adult PNS rats show blunted effects of alcohol on autonomic measures, including body temperature, and behavioral measures (DeTurck and Pohorecky, [@B45]). Moreover, PNS consistently increases the intake and response rate during operant self-administration of alcohol in male mice (Campbell et al., [@B35]), while the impact of PNS on female intake and response rates is more variable (Campbell et al., [@B34]). Interestingly, sex differences have been observed in these effects. No effect of PNS was observed on the intake or response rates in females self-administering cocaine (escalating 0.3--0.5 mg/kg/infusion, IV), despite these animals exhibiting enhanced psychomotor stimulant sensitization compared to control females (Thomas et al., [@B223]). In comparison, another study (Kippin et al., [@B129]) using a higher, but constant, dose of cocaine (1.0 mg/kg), revealed a non-significant trend toward increased intake in PNS relative to control males. Moreover, these PNS males exhibited significantly greater responding under extinction conditions and greater cocaine-primed (5 and 10 mg/kg) reinstatement of cocaine-seeking behavior compared to controls (Kippin et al., [@B129]). Further, observations of a PNS-induced blunted response to alcohol and an increased motivation for alcohol, resemble the widely supported observations that an initially blunted response to alcohol challenge is highly correlated with vulnerability to alcohol abuse and alcoholism development in humans (reviewed in Schuckit, [@B205]). Overall, the pre-clinical data indicate that PNS interacts with stress exposure and sex to impact subsequent drug-seeking behavior to increase addiction vulnerability to a variety of drugs of abuse.

Given the divergent mechanisms of action between drugs of abuse, PNS may play a broader role to influence reward by perturbing targets and substrates that are important for pharmacological reinforcement. Indeed, PNS produces a variety of age-dependent alterations in cellular connectivity and plasticity in limbic-corticostriatal regions that may be associated with reward. PNS studies report decreased spine densities in CA1 and CA3 regions of the hippocampus among adult rats (Martinez-Tellez et al., [@B151]). Our own data demonstrate reduced synaptic spine density in dorsal hippocampus of adolescent (28- to 30-day-old) rats exposed to variable PNS stressors (Paris and Frye, [@B179]). The limbic system, comprising interconnected circuits in the cortex, amygdala, and hippocampus, along with the striatum and brainstem monoamine modulatory systems, appears to exhibit similar activation by reward and different classes of abuse drugs. Glutamatergic signaling, both between limbic structures and in projections to striatal and brainstem structures, are also widely implicated in reward and addiction processes (see, e.g., Gass and Olive, [@B88]; Kalivas et al., [@B121]; Volkow et al., [@B232]). PNS increases NMDA receptor binding in medial and dorsal prefrontal cortex (PFC), CA1, dorsal striatum (dSTR), and nucleus accumbens (NAcc), as well as, group III metabotropic glutamate receptor binding in both the medial and dorsal PFC (Berger et al., [@B15]; Barros et al., [@B11]). We have observed that PNS also decreases basal extracellular levels of glutamate measured by conventional microdialysis in the NAcc, but not in the PFC, of male rats (Kippin et al., [@B129]).

Prenatal stress also produces changes in the serotonin and norepinephrine monoamine systems throughout limbo-corticostriatal circuitry. PNS increases serotonin and 5-HIAA total content in the dSTR (Gerardin et al., [@B90]) and PNS males, but not females, show significantly lower levels of 5-HT1A receptor binding in the ventral hippocampus (Van den Hove et al., [@B231]). PNS rats also exhibit decreased basal extracellular levels of serotonin measured by conventional microdialysis in the NAcc, but not in the PFC (Kippin et al., [@B129]). Conversely, basal levels of norepinephrine are lower in the NAcc of adolescent, but not adult, PNS rats (Silvagni et al., [@B210]) and in the PFC of both adult and adolescent PNS rats (Carboni et al., [@B36]). Given the roles of serotonin and norepinephrine in the regulation of dopamine systems and addiction (see, e.g., Goodman, [@B97]; Sofuoglu and Sewell, [@B218]), actions within these areas are widely believed to mediate the reinforcing properties of abused drugs, as well as play critical roles in addiction processes (reviewed in, e.g., McBride and Li, [@B155]; Lapish et al., [@B140]; Feltenstein and See, [@B58]; Koob and Volkow, [@B137]). Neuroplastic changes that are promoted by prolonged drug use may exert effects that are long-term and pervasive (Tindell et al., [@B224]). Within these reward circuits, PNS may also have pervasive effects to reduce the spine density of the medium spiny cells of the NAcc in adult, but not pre-adolescent, male rats (Martinez-Tellez et al., [@B151]). Thus, PNS has effects to alter the morphology and neurotransmitter activity of the rodent brain, which may have pervasive effects to influence reward responding throughout life.

Changes in neural structure and activity associated with PNS interact with drugs of abuse to influence their effects. In addition to PNS-induced changes under basal conditions, neurotransmitter responses are further altered with drug administration in PNS rodents. Cocaine-naïve and -experienced PNS males exhibit both greater dopamine and glutamate release in the NAcc, but not PFC, during acute cocaine challenge (Kippin et al., [@B129]). Acute amphetamine, but not nicotine, challenge produces greater dopamine release in the NAcc in both PNS adolescent and adult rats compared to controls (Silvagni et al., [@B210]), whereas amphetamine challenge also produces lower dopamine release in the PFC of adult PNS offspring (Carboni et al., [@B36]). Conversely, both amphetamine and nicotine challenge produced greater norepinephrine release in the NAcc of adult, but not adolescent, PNS rats (Silvagni et al., [@B210]). Amphetamine and nicotine challenge produced larger and smaller, respectively, norepinephrine release in the PFC of adult, but not adolescent, PNS rats (Carboni et al., [@B36]). Thus, PNS alters the circuitry mediating addiction-related behaviors in both drug-naïve and -experienced individuals under both basal and drug challenge conditions. However, the precise roles of these basal and drug-induced alterations to elevate drug-seeking behavior or drug-induced plasticity remain to be clarified. Moreover, how PNS alters natural reward processes is of interest.

Impact of Prenatal Stress on Animal Models of Natural Reward
============================================================

Natural rewards, as well as pharmacological rewards, via drugs of abuse, interact with PNS to affect the mesocorticolimbic and nigrostriatal dopamine systems. Actions of these systems are involved in providing incentive salience to stimuli and inducing, or maintaining, the performance of goal-directed behavior (e.g., Ikemoto and Panksepp, [@B114]; Salamone et al., [@B198]). The midbrain ventral tegmental area (VTA) is an important region involved in endogenously rewarding behavior and has been considered to be among the most important regions underlying pharmacological and natural reward (Nestler and Carlezon, [@B169]). The VTA receives glutamatergic inputs from the hippocampus, PFC, and amygdala, as well as monoaminergic inputs from the dorsal raphe, locus coeruleus, and hypothalamus and projects dopaminergic efferents to GABAergic neurons in the NAcc (reviewed in Nestler and Carlezon, [@B169]). Among rodents, engaging in mating is rewarding and can condition a place preference (Frye et al., [@B70]; Paredes and Vazquez, [@B173]; Meerts and Clark, [@B159]). In the VTA, actions at dopamine type 1-like receptors facilitate (while actions at dopamine type 2-like receptors inhibit) mating in female rodents (Frye et al., [@B82], [@B76]; Sumida et al., [@B220]; Frye and Walf, [@B80]). Dopamine is a necessary component involved in the motivational processes that facilitate mating among female rats (Becker et al., [@B14]). Some of these actions may be progestogen-dependent. Microinfusion of AlloP to the VTA enhances mating in female rodents in minutes (Frye et al., [@B76], [@B74]). Blocking D1 receptors attenuates AlloP's intra-VTA actions to enhance mating among female rats (Frye et al., [@B82], [@B76]). Indeed, PNS alters mating responses in adult female rats (Frye and Orecki, [@B73]) and increases total dopamine content in the dSTR (Gerardin et al., [@B90]), and NAcc (Alonso et al., [@B2], [@B3]; McArthur et al., [@B154]). Notably, dopaminergic pharmacotherapy can bolster the motivational aspects of reward in animal models (Tindell et al., [@B224]).

Actions of AlloP in the VTA of the midbrain are profound and mediate goal-directed behaviors including those involved in natural reward, such as engagement in mating. For example, in adult female rats or hamsters, AlloP mediates approach and consummatory aspects of mating behavior, which are integral for conception to occur (Frye et al., [@B76]). The proportion, intensity, and duration of lordosis responding (a stereotypical posture essential for mating behavior of rodents to occur) can be modulated by AlloP (Frye et al., [@B76]). Midbrain dopamine cell bodies in the VTA project to limbic structures, including the amygdalar areas, hippocampus, and NAcc, as well as to areas of the PFC, and cell bodies in the substantia nigra innervate dSTR regions and other motor structures (reviewed in Haber and Fudge, [@B102]; Horvitz, [@B110]). Together, dopaminergic VTA projections makeup the mesolimbic dopamine system. Connections between the VTA and NAcc modulate the valence of pharmacological and natural reward and the motivation to engage rewarding stimuli (Koob and Le Moal, [@B136]; Kelley and Berridge, [@B123]; Wise, [@B238]). Investigation into the ability of AlloP, and other neurosteroids, to mediate altered neural function associated with heightened vulnerability to drug abuse (as well as other disorders) may lead to novel therapeutic avenues for the management of addiction-related problems. Thus, PNS alterations in levels of AlloP may partly mediate the lifelong alterations in the mesocorticolimbic dopamine system and perhaps other components of addiction circuitry involved in PNS-induced elevations of drug/alcohol-seeking behavior.

Prenatal Stress-Induced Alterations in Neurochemistry and Allopregnanolone may be Associated with Changes in Addiction-Related Behavior
=======================================================================================================================================

Prenatal stress influences the circuitry of addiction, as well as AlloP, in adulthood. Although direct evidence is not available, we hypothesize that these endpoints are functionally inter-related. Indirect support for this hypothesis stems from separate lines of research indicating that: (1) PNS impacts cortico-limbic circuitry and its midbrain monoamine modulatory systems; (2) PNS alters hormonal milieu, including levels of AlloP, in a sex-dependent fashion; (3) AlloP modulates drug/alcohol-seeking behavior; and (4) AlloP has direct effects on "addiction circuitry" that are behaviorally relevant.

Prenatal stress alters allopregnanolone
---------------------------------------

Prenatal stress can influence endogenous AlloP concentrations of rodents. There are several models of PNS that are used in rats, which typically involve applying stressful stimuli during gestational days (GDs) 17--21, which is a critical period of hippocampal development in rats. Psychological stress can involve exposing pregnant dams to either a chronic predictable stressor (such as restraint thrice daily for 45 min), or chronic unpredictable stressors (including forced swim, restraint, cold exposure, overnight fasting, light, and social crowding). We have previously observed perinatal psychosocial stressors, such as early maternal separation, reduce the ratio of P~4~ to its 5α-reduced metabolites, dihydroprogesterone (DHP), and AlloP, in whole brain of postnatal day 2 rats, and dysregulate DHP and AlloP formation in whole brain of postnatal day 9 rats (Kehoe et al., [@B122]). We have recently investigated similar effects among juvenile rats. Among male and female offspring (between 28 and 30 days of age), stress resulted in decreased maternal AlloP levels during gestation, and reduced cognitive performance among offspring in an object recognition task, compared to controls (Table [1](#T1){ref-type="table"}). These data are in concordance with findings wherein perinatal isolation is observed to increase circulating concentrations of the stress hormone, corticosterone, concurrent with reduced whole brain AlloP in rats (McCormick et al., [@B156]). Together, these data support the notion that early developmental stress can result in programmatic changes in neuroendocrine status with later consequences for cognition.

###### 

**Summarized results (mean ± SEM) adapted from recent prenatal stress (PNS) studies in our lab, which indicate the effects of PNS via psychological stress \[exposure to physical restraint (restraint) or unpredictable variable stress (variable) which included forced swim, restraint, cold exposure, overnight fasting, light, and social crowding\], immune challenge \[exposure to lipopolysaccharide (LPS, 30 μg/kg; dams only), or interleukin-1β (IL-1β, 1 μg/rat)\], finasteride administration (50 mg/kg), or minimal handling/vehicle (control) on gestational days 17--21 (*n* = 4--8 dams/group; *n* = 17--30 offspring/group) has on maternal/fetal allopregnanolone and dependent cognitive behaviors (object recognition performance) of male and female rats (data are collapsed on the variable of sex)**.

  Challenge at GD17-21                  How?                                       Dams' plasma AlloP at parturition (ng/ml)   Offspring (male and female) Hippo AlloP (ng/g)   Novel obj recognition (% time with Object)   Reference
  ------------------------------------- ------------------------------------------ ------------------------------------------- ------------------------------------------------ -------------------------------------------- -------------------------------------------------------------------------
  Control (nothing, vehicle)            Handling, IP Saline, SC oil                2.2 ± 0.8                                   1.8 ± 0.2                                        53 ± 4%                                      •Paris and Frye ([@B178],[@B179]), Paris et al. ([@B175], under review)
  Psychological (restraint, variable)   Thrice daily                               0.7 ± 0.2\*                                 1.0 ± 0.4                                        31 ± 9%\*                                    •Paris and Frye ([@B178]), Paris and Frye ([@B179])
  Immune (LPS-dams only, IL-1β)         LPS (30 μg/kg, IP); IL-1β (1 μg/day, IP)   1.2 ± 0.1\*                                 1.5 ± 0.6 (IL-1β only)                           27 ± 9%\* (IL-1β only)                       • Paris et al. (under review)
  Endocrine (finasteride)               50 mg/kg                                   0.5 ± 0.3\*                                 0.5 ± 0.2\*                                      22 ± 7%\*                                    •Paris et al. ([@B175])

*\*Indicates significantly different from control group, *p* \< 0.05*.

Mechanisms of Prenatal Stress: Evidence for Crucial Interactions between Glucocorticoids and Progestogens
=========================================================================================================

There are pervasive effects of stress on developmental programming and functions throughout the lifespan; however, the mechanisms underlying these effects are not fully understood. There exists extensive evidence supporting a critical role for glucocorticoids in the programming effects of PNS, as well as, indications that glucocorticoids may be acting, in part, through alterations of other hormonal systems. We are interested in elucidating the extent to which AlloP may influence such responses through its actions on the stress axis. Changes in AlloP via PNS may be one mechanism by which PNS alters HPA axis-sensitive behaviors, such as drug use. Thus, findings regarding the stress axis and its interactions with AlloP on people, and in animal models, are summarized below.

The stress response
-------------------

In response to acute stressors, there are changes in autonomic and neuroendocrine processes which may subserve adaptive behaviors. Irrespective of the type of stress experienced, the autonomic and neuroendocrine responses are ubiquitous and rapid. Catecholamines, epinephrine, and norepinephrine, heighten arousal by dilating pupils, increasing heart rate and respiration, and preparing for energy mobilization (reviewed in Wortsman, [@B239]). The sustained neuroendocrine response is mediated by the HPA axis. The HPA is comprised of the paraventricular nucleus (PVN) of the hypothalamus, the anterior pituitary (adenohypophysis), and the adrenals (reviewed in Turnbull and Rivier, [@B227]). The PVN synthesizes and releases corticotropin-releasing factor (CRF) to the adenohypophysis, where it promotes the release of adrenocorticotropic hormone (ACTH) into the periphery. ACTH stimulates the adrenal cortex to release glucocorticoids (i.e., cortisol in humans and corticosterone in most rodents), which have actions peripherally and centrally (reviewed in George and Koob, [@B89]). Activation of these systems subserve behavioral responding (i.e., flight-or-flight) to acute stress, and may function to consolidate information surrounding salient events. Termination of the stress response occurs via negative feedback by glucocorticoid actions in the hypothalamus and pituitary (Herman et al., [@B107]) and also by AlloP (Patchev et al., [@B182]; Patchev and Almeida, [@B180]). Under chronic stress, the HPA feedback systems that typically act to restore (para)sympathetic tone are dysregulated and stressors may elicit a greater, lesser, or more prolonged HPA response than is typical.

Prenatal corticosterone exposure alone mirrors the effects of PNS on increased basal dopamine metabolism in both the dSTR and NAcc in male and female offspring (Diaz et al., [@B47]) suggesting that these processes may be influenced by HPA activation. Notably, PNS changes the expression and/or binding potential of dopamine D1 and D2 receptors, the dopamine transporter, as well as, the number of tyrosine hydroxylase-positive cells within the mesocorticolimbic dopamine system, including the NAcc, medial PFC, and hippocampal subregions (Alonso et al., [@B2]; Henry et al., [@B106]; Berger et al., [@B15]; McArthur et al., [@B154]; Son et al., [@B219]), which are important targets of the VTA (Nestler and Carlezon, [@B169]). As such, PNS may exert organizational effects to perturb the trajectory of the developing mesolimbic dopamine system. Indeed, perinatal stress (via early maternal separation) is observed to attenuate motor and dopamine responses to stress among adolescent rats (McCormick et al., [@B156]). Thus, there is evidence for PNS-induced changes in the structural and functional integrity of the dopamine reward circuitry among rodents.

Progestogen modulation of the HPA axis response
-----------------------------------------------

There are differences in how females and males respond to stress and/or HPA activation, which may have bearing on the organizing effects of progestogens and/or responses to PNS. In response to stress, women typically have higher circulating cortisol levels and are more sensitive to glucocorticoid secretion than are men (Ellermeier and Westphal, [@B51]; Jezová et al., [@B117]; Ferrini et al., [@B59]; Hinojosa-Laborde et al., [@B109]; Rhodes and Rubin, [@B191]; Rohleder et al., [@B194]); however, females also demonstrate greater physiological and behavioral resiliency to negative/long-term effects of stress (Uno et al., [@B229]; Mizoguchi et al., [@B163]; Brown et al., [@B22]; Galea et al., [@B86]; Bowman et al., [@B19], [@B18]; Beck and Luine, [@B12]; Conrad et al., [@B42]; Kitraki et al., [@B130]; McFadden et al., [@B158]). These sex differences in stress responding may be mediated by circulating levels of progestogens and/or their neurosteroid metabolites.

Progesterone, via actions of its metabolites, can suppress HPA axis activation. Progesterone can be 5α-reduced to form DHP, which can be 3α-hydroxylated to form the neuroactive metabolite, AlloP. Unlike progesterone and DHP, physiological concentrations of AlloP have little affinity for intracellular progestin receptors (Iswari et al., [@B115]). Rather, AlloP is a potent positive modulator of inhibitory GABA~A~ receptors (Majewska et al., [@B148]), which may underlie its effects to dampen the HPA axis response (Purdy et al., [@B186]; Barbaccia et al., [@B10]). As such, it is progesterone's metabolism to AlloP, in response to stress, that promotes direct actions in hypothalamus to reduce CRF transcription and peptide precursors of the HPA mediated response (Patchev et al., [@B182]; Patchev and Almeida, [@B180]). These actions of AlloP partly underlie actions of progestogens to dampen HPA responsiveness in pregnancy; thereby, reducing fetal glucocorticoid exposure (Brunton et al., [@B23]). During pregnancy of people, the fetus can mount HPA responses by the second trimester, independent of the mother's HPA response (Gitau et al., [@B93]). Among female rats, PNS is associated with increased circulating corticosterone levels later in life (Walf and Frye, [@B234]). The extent to which stress-promoted maternal and/or fetal AlloP formation may account for physiological and behavioral stress phenotypes is of interest.

Allopregnanolone normally inhibits the HPA axis response to stress during pregnancy
-----------------------------------------------------------------------------------

AlloP's role in attenuating stress axis response extends to maintaining gestation, protection of the fetus, and/or possible organizing effects. Among pregnant women and rodents, circulatory AlloP is elevated throughout gestation and its decline precedes parturition (Concas et al., [@B40]; Gilbert-Evans et al., [@B91]; Paris and Frye, [@B176]). During early pregnancy, progestogens are secreted from the corpora lutea until the placenta becomes a source of progestogens (Concas et al., [@B41]). Circulating levels of P~4~ and AlloP co-vary and increase together during the first half of gestation. However, P~4~ levels decline prior to AlloP, later in pregnancy. Among rats, P~4~ levels peak between GD 10--15; whereas, AlloP asymptotes later in pregnancy (GD19; Concas et al., [@B41]) and declines to estrous levels around GD21 (Concas et al., [@B41]). During pregnancy, ACTH, corticosterone, and PVN CRF levels are lower, and oxytocin neurons are inhibited, such that stimuli that evoke a stress response in virgin rats do not elicit the same stress response in pregnant rats (Atkinson and Waddell, [@B8]; Johnstone et al., [@B119]; Brunton and Russell, [@B25]; Brunton et al., [@B29],[@B30], [@B24]; Ma et al., [@B147]). In the developing offspring, central AlloP is observed as early as embryonic day 14 in rats (Kellogg and Frye, [@B124]), while postnatal AlloP increases in response to stressors on GD 6 (Kehoe et al., [@B122]; McCormick et al., [@B156]). Inhibiting AlloP formation with a 5α-reductase inhibitor, finasteride, in late pregnancy restores HPA activation of ACTH, corticosterone, CRF, and oxytocin which can result in termination of pregnancy (Antonijevic et al., [@B7]; Brussaard and Herbison, [@B31]; Grobin and Morrow, [@B100]; Russell et al., [@B196]; Chanrachakul et al., [@B38]; Brunton and Russell, [@B26],[@B27], [@B28]; Brunton et al., [@B23]). Thus, AlloP during gestation influences stress responding and gestational outcomes. Notably, administration of AlloP prenatally, counteracts the effects of PNS on anxiety-like tasks, indicating its role in neuropsychiatric-relevant behaviors (Zimmerberg and Blaskey, [@B243]).

AlloP during perinatal development may influence sex-typical differences in stress responding. We, and others, have utilized models of PNS in order to assess AlloP's developmental effects prior to parturition. Epidemiological studies of people, and experimental investigations using rodents, provide evidence that PNS can confer vulnerability to stress-related disorders that persist into adulthood. Behavioral and neurobiological aberrations associated with PNS may be sex-typical (i.e., predominant in one sex and/or related to changes in sex hormones), stress-sensitive (i.e., related to HPA activation and/or changes in stress hormones), and/or disorder-relevant (i.e., associated with the etiology or pathology of a neurodevelopmental, neuropsychiatric, and/or neurodegenerative disorder) functions. Although acute stress can be adaptive in adults through enhancing autonomic, neuroendocrine, and behavioral outputs that subserve species-typical adaptive responses (e.g., fight-or-flight), developmental stress can be pathological and detrimental to mothers and offspring. Typically, during late gestation, maternal stress responding is dampened. This stress hyporesponsive period, which is well-documented in rodents, may limit the deleterious developmental programming effects of PNS. The period of stress hyporesponsiveness coincides with elevations in AlloP (Paris and Frye, [@B176]; Brunton et al., [@B23]), which can be protective to the offspring (Frye and Bayon, [@B69]; Yawno et al., [@B241]), and dampen HPA axis reactivity (Patchev et al., [@B182], [@B181]; Patchev and Almeida, [@B180]; Paris and Frye, [@B176]; Frye, [@B67]). There are PNS-induced alterations in neurosteroid levels which may play a direct role in programming the developing fetus (Kehoe et al., [@B122]; McCormick et al., [@B156]). This has led to our hypothesis that some effects of PNS may involve 5α-reduced progestogens influence on developmental programming of sex-typical, stress-sensitive, and/or disorder-relevant phenotypes. Additionally, postnatal perturbation of maternal--infant interactions may have profound effects on stress responding and AlloP formation in offspring that are sex-dependent. We have found that maternal separation during postnatal days two through nine produces increases in central AlloP in offspring and these effects are greater in males (Kehoe et al., [@B122]). Thus, AlloP formation during early postnatal development may play an important role in programming of stress responses, and may present as a mechanism of PNS pervasive effects to influence drug reward and related sequelae.

Allopregnanolone influences drug responding and has potential links to prenatal stress effects
----------------------------------------------------------------------------------------------

Pharmacological stimuli, such as drugs of abuse, activate the HPA robustly, as do the physical, psychological, and immune challenges described heretofore. We have presented evidence that PNS can alter responses to drugs of abuse, and that there are sex differences in response to PNS in these measures. Additionally, there is evidence consistent with the notion that PNS alters HPA function as well as AlloP levels, and that changes in AlloP can alter subsequent drug intake behaviors, also in a sex-dependent way. Causal relationships have not been established between perturbation of endogenous AlloP formation via PNS and later drug-seeking behavior. Rather, separate lines of research have revealed PNS to alter susceptibility to drug abuse/responding and AlloP formation in adolescence and adulthood. Adolescents are vulnerable to substance use, which is co-morbid with neuropsychiatric disorders and neurodegeneration. An important question for future investigation is what role progestogen formation may play in conferring vulnerability to natural or pharmacological reward. In support, progestogens, including AlloP, have been shown to modulate responding to many drugs of abuse. It is beyond the scope of this review to provide an in depth analysis of progestogen interactions with all drugs of abuse, such as depressants (i.e., alcohol), stimulants (i.e., cocaine, amphetamine, nicotine), and opiates. Thus, we focus on recent findings surrounding progestogens and drug abuse, and provide specific references for the complex interactions between AlloP and other steroid hormones with drugs, including alcohol and cocaine.

In addition to organizational effects of progestogens suggested by PNS, activational effects of progestogens are observed, which can differ across the sexes (another indication of potential organizing actions of hormones). There are sex differences in response to drugs of abuse, which may be partly mediated by progestogens and other sex steroids. Women are more likely than men to initiate drug use, demonstrate binge use, experience greater cravings, and relapse to greater use (Brady and Randall, [@B20]; Robbins et al., [@B192]; Mann et al., [@B150]; Gallop et al., [@B87]; Becker and Hu, [@B13]). Some evidence for hormonal mediation of drug use among pre-menopausal women is observed during cyclical hormonal fluctuations. In response to alcohol, women in the luteal phase (when circulatory progestogens are typically low) have increased positive effects of alcohol (Evans and Levin, [@B55]), decreased elimination, and blood alcohol clearance, which correlates with P~4~ levels (Sutker et al., [@B221]), lower AlloP levels (Nyberg et al., [@B170]), and feelings of anxiety and stress (Howell et al., [@B111]), the latter of which is co-morbid with cocaine use (Morton, [@B167]; Torres and Ortega, [@B225]; Poling et al., [@B184]; Rubin et al., [@B195]). In people, alcohol consumption decreases circulating P~4~ and AlloP levels in men (Pierucci-Lagha et al., [@B183]) and in women in the luteal phase (Nyberg et al., [@B170]). Nicotine effects, like alcohol, may vary based on hormone condition. During the luteal phase, number of cigarets smoked, nicotine craving, and positive subjective effects of smoking, increased in women (Mello et al., [@B160]; Snively et al., [@B214]; Franklin et al., [@B63]). Thus, low endogenous progestogen profile may yield vulnerability to alcohol's hedonic effects among naturally cycling women.

Animal models also show sex differences in substance use which may be influenced by hormonal milieu. Female rats and monkeys acquire, maintain, and escalate drug use, extinction, and reinstatement more readily than do males (see, e.g., Anker and Carroll, [@B4]). More targeted analyses have been conducted in rodents in response to alcohol that may be mediated by sex and duration of exposure. Notably, PNS can perturb hormone-sensitive behaviors across the estrous cycle of rats, which has been observed via reduced engagement in copulatory behaviors when rats are naturally sexually receptive (Frye and Orecki, [@B73]). When orally consumed, ethanol increased brain AlloP in male, but not female mice, an effect not observed when ethanol was injected (Finn et al., [@B62]). However, when alcohol is administered to facilitate alcohol-dependence, exposure may decrease cortical levels of AlloP in male, but not female, rats (Janis et al., [@B116]). As such, effects of alcohol on neurosteroid formation are biphasic and complex; a linear relationship between alcohol-enhanced neurosteroidogenesis and reward is unlikely. In support, cynomolgus monkeys that were trained to discriminate alcohol from water, demonstrated an enhanced ability to also discriminate AlloP when in the luteal (vs. follicular) phase of the menstrual cycle; however, cycle differences in discrimination were not observed for alcohol (Green et al., [@B99]). Neurosteroids, including 3α,5α-tetrahydrodeoxycorticosterone and 3α-androstanediol, can be enhanced with alcohol administration and/or implicated in some alcohol effects (Paris and Frye, [@B177]; Serra et al., [@B209]. Indeed, AlloP and 3α-androstanediol may promote hedonic effects in males, given that male rats will orally self-administer AlloP preferentially over water (Sinnott et al., [@B212]), and male hamsters will orally self-administer 3α-androstanediol over water (Frye et al., [@B68]). However, any effects that neurosteroid mechanisms may contribute to the reinforcing properties of alcohol are likely sex- and dose-dependent, given that AlloP injections have been observed to dose-dependently increase oral alcohol consumption among male, but not female, mice (Sinnott et al., [@B213]). In addition to pregnane and androstane neurosteroids, estradiol may also contribute to sex differences to increase, while progestogens decrease, drug effects among females compared to males (Becker and Hu, [@B13]; Anker and Carroll, [@B4]). However, estradiol has been observed to not be altered in adult cycling female rats that have been exposed to PNS (Walf and Frye, [@B234]), which may suggest that it is a less likely mechanism for PNS-mediated changes in drug use. As such, there are complex interactions between sex hormones and many different drugs of abuse. These interactions may influence aspects of drugs abuse. For further review of alcohol's reinforcing interactions with AlloP (see Morrow et al., [@B166]; Finn et al., [@B61]; Helms and Grant, [@B105]). For evidence of other gonadal hormone contributions to alcohol's reinforcing effects (see Devaud et al., [@B46]).

Much research surrounding progestogens' effects on drug abuse have focused on cocaine. Autonomic, pleasurable effects, stress-induced cravings, and self-administration for cocaine are reduced when hormone levels are high in women during the luteal phase (Sofuoglu et al., [@B216]; Evans et al., [@B54]; Evans and Foltin, [@B53]; Sinha et al., [@B211]) and in rats during the proestrus phase (Hecht et al., [@B104]; Feltenstein and See, [@B57]). Administration of P~4~ to women attenuates subjective and HPA axis autonomic effects of cocaine and reduces craving (Sofuoglu et al., [@B215], [@B217]; Evans and Foltin, [@B53]). Indeed, suppression of HPA axis responding following craving may be associated with some of cocaine's hedonic effects. Rodents will voluntarily self-administer either corticosterone (DeRoche et al., [@B44]) or AlloP (Sinnott et al., [@B212]). We, and others, have found that P~4~ and AlloP levels of males and females are elevated in plasma, striatum, and hippocampus following cocaine administration, along with enhanced psychomotor behavior (Quinones-Jenab et al., [@B187]). Some of these effects may be dependent on estrous cycle phase, given that threshold for dose-dependent psychomotor activation to cocaine was increased among diestrous, compared to proestrus, female rats (Kohtz et al., [@B135]). Moreover, AlloP may influence some of cocaine's reinforcing effects. Pretreatment with AlloP diminishes escalating self-administration of cocaine in rats (Larsen et al., [@B141]; Anker et al., [@B6]). Progesterone reduced cocaine-primed reinstatement of cocaine-seeking behavior in female, but not male, rats and this effect was attenuated by finasteride and mimicked by AlloP administration (Anker et al., [@B5]). Although other gonadal hormones, such as estradiol have been investigated for their role on cocaine effects (for review see Segarra et al., [@B208]), it is P~4~ that has been utilized for clinical applications. Indeed, oral P~4~ has been investigated as a potential treatment for cocaine dependence (Reed et al., [@B189]); however, despite the need for further investigations, that study did not yield discriminating effects of P~4~ on self-administration. Therefore, drug effects and addiction behaviors that are increased by exposure to PNS, in particular, cocaine, are mediated by progestogens, including AlloP, which may indicate a possible mechanisms for further exploration into the neurodevelopmental impact and mechanisms of PNS on maternal--fetal interactions and later offspring behavior.

Neurodevelopmental, Neuropsychiatric, and Neurodegenerative Sequelae Associated with Prenatal Stress and/or Drug Use and may be Progestogen-Sensitive
=====================================================================================================================================================

Neurodevelopmental, neuropsychiatric, and/or neurodegenerative disorders are co-morbid with drug use and are characterized by gender/sex differences and sensitivity to stress that may be influenced by progestogens. There is emerging consensus for similar neurobiological factors to underlie disorders that share similar features and/or endophenotypes. Thus, findings regarding the impact of gestational stress on people and animals, and the influence of progestogens in these processes, are summarized below.

Impact of prenatal stress on developmental disorders in people and animal models
--------------------------------------------------------------------------------

There are neurodevelopmental consequences of prenatal and perinatal stress that can be observed in juvenile (pre-pubertal) offspring. Despite the relative protection of the uterine environment, the fetus can be affected by environmental stressors that the mother experiences (Schlotz and Phillips, [@B202]). Like most stress challenges, *in utero* adaptation to environmental stressors may be an important aspect of organismal preparation for survival; however, enhancements in the chronicity, or saliency, of such stressors may also promote adverse effects. In people, PNS via chronic psychological and/or physical stress (such as those associated with low socio-economic status, poor coping skills, and maternal physical abuse) are associated with preterm birth and low birth-weight offspring (Facchinetti et al., [@B56]; Rodrigues et al., [@B193]; Giurgescu, [@B94]; Latendresse, [@B142]). Early birth under these conditions may lead to impairments in social, cognitive, and emotional behavior, which are observable when children are of school-age (Talge et al., [@B222]; Kerstjens et al., [@B125]; Lind et al., [@B145]). Among infants who are born preterm, there are also aberrations in cortico-limbic volume and/or sulci/gyri folding may be associated with neurodevelopmental disabilities, compared to antenatally age-matched controls (reviewed in Lodygensky et al., [@B146]). Moreover, the severity of premature birth may predict poorer neurodevelopmental outcomes (Talge et al., [@B222]). In addition to chronic stress, salient stress exposure during pregnancy can promote similar outcomes. After hurricane Katrina, over a two-fold increase in the incidence of preterm births was reported among pregnant women who were residing in a severely hit area, compared to those in less damaged areas (Xiong et al., [@B240]). Similarly, offspring born to women enlisted in the military that were deployed to a combat zone while pregnant, have a greater incidence of preterm birth and neurodevelopmental disorders, such as a major birth defect or malignancy (Ryan et al., [@B197]). Thus, chronic and/or salient PNS may promote neurodevelopmental disorder among people.

Prenatal stress exerts neurodevelopmental effects that can be modeled in rodents. In particular, the cortico-limbic brain regions may be a target for PNS. Compared to controls, pre-adolescent male rats that were born to dams that underwent physical restraint (2 h/day from GD 11 to birth), exhibited increased CA1, but decreased CA3, spine densities, while adult PNS male offspring had reduced spine densities in both areas (Martinez-Tellez et al., [@B151]). Long-term neurodevelopmental effects of PNS on the hippocampus may be particularly salient among females, given that a single exposure of PNS on GD18 can reduce adult dentate gyrus volume in female, but not male, rats (Schmitz et al., [@B203]). PNS is also observed to reduce spine density in PFC (Murmu et al., [@B168]; Michelsen et al., [@B162]). Over the course of development, the volumes of amygdalar sub-nuclei (an extension of the limbic system) tend to diverge among male PNS vs. control rats. By early adulthood PNS individuals may begin to match controls on some measures of nuclei volume (Kraszpulski et al., [@B138]), and may even surpass controls in the region of the lateral nucleus later in adulthood (Salm et al., [@B199]). The production of new neurons in the adult hippocampus is also reduced following PNS (e.g., Lemaire et al., [@B143]; Coe et al., [@B39]; Odagiri et al., [@B171]). Further, PNS or prenatal corticosterone treatment alter the levels of trophic factors and synapse-regulating proteins in limbic and cortical structures in an age-dependent fashion that may be responsible for the observed changes in dendritic spine densities (Fumagalli et al., [@B84], [@B85]; Burton et al., [@B33]; Afadlal et al., [@B1]; Jutapakdeegul et al., [@B120]). Accordingly, these effects may have important consequences for early social and emotional development given the role of cortico-limbic function in regulating decision making and affect. In support, female PNS rats that are juvenile (∼30 days of age) have increased anxiety-like behavior and decreased weight compared to control females (Baker et al., [@B9]). Male and female PNS juvenile offspring also show decreased social play behavior and reduced psychomotor activity (Kleinhaus et al., [@B132]). Additionally, PNS can affect male and female juvenile cognitive function in Y-maze, T-maze, and passive avoidance, the latter of which revealed females to have decreased performance compared to males (Gué et al., [@B101]). In rats, perinatal isolation has also been observed to worsen adult performance in the Morris water maze (Frisone et al., [@B66]). In people, this time period is equivalent to adolescence, which is characterized by the emergence of sex-typical, stress-sensitive behavioral disorders (i.e., autism, attention deficit hyperactivity disorder; McCormick and Mathews, [@B157]), novelty/drug seeking, and substance abuse (reviewed in Kroll, [@B139]; Bukstein, [@B32]). These findings suggest that aberrations in cortico-limbic brain regions may be present in adolescence and pervasive, at least until adulthood, following a history of PNS.

The HPA axis is activated in response to stressors, such as the physical and psychological stressors described above; however, one method to activate HPA axis activity in pregnancy is via immune challenge. This methodology is clinically relevant given that up to 40% of preterm births are associated with immune challenge/infection (Goldenberg et al., [@B96]). Administration of the bacterial endotoxin, lipopolysaccharide (LPS), or the cytokine, interleukin-1β (IL-1β), in late gestation mimics infection/inflammation (Hermus and Sweep, [@B108]; Johnson et al., [@B118]; Turnbull and Rivier, [@B228]) and activates adrenergic synapses in the hypothalamus (Besedovsky and del Rey, [@B17]; Ericsson et al., [@B52]; Givalois et al., [@B95]; Turnbull et al., [@B226]; Brunton et al., [@B24]) and placenta (Paintlia et al., [@B174]). We have observed these regimens to reduce circulating AlloP in dams at the time of parturition (Table [1](#T1){ref-type="table"}). Offspring that were gestationally exposed to immune challenge spent a significantly lower percentage of time with a novel object compared to controls (Table [1](#T1){ref-type="table"}), which may indicate reduced cognitive performance. Given AlloP's importance in dampening HPA response during pregnancy, and the results from studies indicating decreased maternal AlloP following gestational stress (Frye and Walf, [@B78]; Paris and Frye, [@B178]), we have investigated the necessity of maternal AlloP for these effects by administering finasteride (50 mg/kg) to dams in late gestation. Indeed, gestational finasteride produced similar effects to that of gestational stressors, resulting in reduced offspring cognitive behavior (Table [1](#T1){ref-type="table"}). Notably, we have observed adolescent rats to spend less time with a novel object than do adult rats, irrespective of gestational manipulations. These data may imply a neophobic aspect to this task, that is not observed in adults, which may explain some of the aversion observed among adolescent rats exposed to gestational stressors (Paris and Frye, [@B178]). These data support the notion that maternally derived 5α-reduced steroids play an important role in the neurodevelopmental programming of late-gestating offspring. This does not preclude finasteride interacting with other steroid hormones; given that finasteride also inhibits formation of androstane and glucocorticoid metabolites (reviewed in Finn et al., [@B60]) and further study of AlloP add-back will assess the ability of AlloP to rescue these effects.

Involvement of the HPA axis is further implied in studies of perinatal perturbation. Deficiencies in AlloP formation that are observed in plasma, via perinatal stress (lithium chloride injection), at 10 and 60 days of age are ameliorated by 90 days of age (Frye et al., [@B77]). These data indicate that some perinatal reprogramming effects on the endocrine system may be transient; however, in these experiments, hippocampus AlloP remained perturbed at 60 and 90 days of age, suggesting that perturbation of central steroid formation may be pervasive throughout life (Frye et al., [@B77]). These investigations imply that chronic HPA perturbation may be less severe in rodent models when manipulations occur later in development. An intriguing hypothesis for future consideration is that AlloP can have organizational effects in pre- or perinatal development which may be associated with its actions as a trophic factor throughout life. We have previously observed AlloP to be neuroprotective in rats, particularly when the HPA axis is perturbed (Rhodes et al., [@B190]). Thus, PNS can result in perturbed maternal and offspring AlloP levels and increased HPA responses, which may have effects on fetal neurodevelopment, neuropsychiatric-relevant behavior, and may reduce later neuroprotective capacity.

Impact of prenatal stress on neuropsychiatric disorders in people and neuropsychiatric-relevant behavior in rodents
-------------------------------------------------------------------------------------------------------------------

Among people, some findings suggests that stress during gestation may influence the etiopathology of neuropsychiatric processes. Those exposed to inordinate stressors during gestation, particularly during mid-gestation, are more likely to be diagnosed with schizophrenia, anxiety disorders, and depressive disorders (as reviewed in Bertram and Hanson, [@B16]; Matthews et al., [@B153]; Huizink et al., [@B112]; Seckl and Meaney, [@B206]; King, [@B127]). Children whose mothers experienced psychological stress during pregnancy show less social behavior, which is an early symptom of schizophrenia (Done et al., [@B49]). Adolescent children of women who had lost husbands during WWII while pregnant, suffered from higher rates of mood disorders and schizophrenia (Huttunen and Niskanen, [@B113]). There is also a significant correlation between the maternal experience of famine during the second and third trimesters and affective disorders in the adult children of those women (Brown et al., [@B21]).

Some of these effects may be due to perturbations in AlloP formation or actions. Women diagnosed with depression and/or premenstrual dysphoric disorder have decreased AlloP sensitivity (Freeman et al., [@B64]; Girdler and Klatzkin, [@B92]; Gracias et al., [@B98]) and do not experience the expected increase in AlloP following stress (Klatzkin et al., [@B131]). Women suffering from post-traumatic stress disorder (PTSD) have decreased AlloP levels in cerebrospinal fluid (Rasmusson et al., [@B188]). Men with PTSD, who have a greater psychological distress to trauma-relevant stimuli have lower levels of AlloP (Casada and Roache, [@B37]; Frye, [@B67]). Moreover, reduced 5α-reductase activity (as determined by cortisol metabolism) was associated with symptom severity among individuals afflicted with treatment-resistant PTSD following the World Trade Center attacks in 2001 (Yehuda et al., [@B242]). Post-mortem brain AlloP levels were also decreased in a combined male/female sample of schizophrenic patients (Marx et al., [@B152]). As such, stress during human fetal development, and/or later chronic stress, may promote sex-typical, stress-sensitive disorders in adulthood, where AlloP varies with the incidence or expression of these disorders.

Findings from animal models suggest that PNS influences the developmental trajectory of neuropsychiatric-relevant function. Rodent models of PNS, specifically stress during late gestation, can produce behavioral sequelae later in life that were initially characterized by hyper-responsiveness to stressors. These responses have since been typified as maladaptive and/or early symptoms of behavioral disturbances. Offspring of PNS dams can be behaviorally inhibited, as is observed in response to maternal separation, wherein PNS pups vocalize and move less than do their non-PNS counterparts (Morgan et al., [@B164]). Male PNS juvenile rats demonstrate less social behavior and rough-and-tumble play than do control males (Ohkawa, [@B172]; Ward and Stehm, [@B236]). PNS increases anxiety-like behavior, indicated by spending less time on the open arms of an elevated plus maze (Fride et al., [@B65]; Zimmerberg and Blaskey, [@B243]) and/or more defecation in a novel environment (Wakshlak and Weinstock, [@B233]; Poltyrev et al., [@B185]; Vallée et al., [@B230]). PNS also increases depressive behavior, such as learned helplessness in the inescapable footshock paradigm, and increases anhedonia in the sucrose consumption model (Keshet and Weinstock, [@B126]; Secoli and Teixeira, [@B207]). Females, in particular, may be more vulnerable to some effects of PNS on depressive behavior as indicated by greater immobility in the forced swim test and less responsiveness to the anti-depressive effects of hormonal intervention, compared to their male counterparts (Drago et al., [@B50]; Frye and Wawrzycki, [@B83]). Aberrations in affective-like behavior may persist in female rats throughout life; adult females exposed to PNS demonstrate less struggling behavior (indicative of depression-like phenotype) in the forced swim test when pregnant (albeit not statistically significant), and significantly less struggling behavior when post-partum, compared to controls (Frye and Walf, [@B78]). While, it is not clear that AlloP formation/perturbation plays a role in the etiology of neuropsychiatric disorder, converging pre-clinical and clinical evidence support investigation of this premise, and provide evidence of the therapeutic efficacy of AlloP. For instance, AlloP add-back, concomitant with PNS, has been demonstrated to ameliorate, or reverse, anxiety-like behaviors produced by PNS (Zimmerberg and Blaskey, [@B243]). AlloP has demonstrated efficacy in improving neurodevelopmental disorders in mouse models of Niemann Pick disease (Mellon et al., [@B161]). Moreover, AlloP enhancement is associated with improvement in neuropsychiatric disorders, such as premenstrual dysphoric disorder among women (Freeman et al., [@B64]; Gracias et al., [@B98]).

Impact of prenatal stress on neurodegeneration in animal models
---------------------------------------------------------------

Prenatal stress may promote neurodegenerative processes. Depression is associated with neurodegeneration in the hippocampus, concomitant with increased circulatory glucocorticoids (stress hormones), which may be facilitated by PNS. In adults, and rodent models, depression is associated with decreased neurogenesis in dentate gyrus and increased plasma glucocorticoid formation (Manji et al., [@B149]; Sapolsky, [@B200]). Early corticosterone exposure is necessary for dentate gyrus development of rodents and species-typical cognitive function (He et al., [@B103]) and glucocorticoid production from the adrenals promotes cell survival in the brain. Indeed, removal of the adrenals in rats increases cell death in the granule layer and dentate gyrus of the hippocampus (Frye and McCormick, [@B71],[@B72]; Rhodes et al., [@B190]). Moreover, co-administration of the 5α-reductase inhibitor, finasteride, with P~4~ reinstatement attenuates these effects in ovariectomized females (Rhodes et al., [@B190]), suggesting that adrenally derived, 5α-reduced progestogens have important trophic effects to maintain limbic integrity. These data support lines of research that utilize murine models of Alzheimer's disease. In support, APPswe + PSEN1Δe9 mice that present with central plaques and neurofibrillary tangles (an Alzheimer's disease-like phenotype) have decrements in hippocampally mediated behavioral tasks, compared to wild-type mice, and are deficient in their conversion of P~4~ to AlloP (Frye and Walf, [@B79]). Thus, progestogens, such as AlloP, may have important trophic and neuroprotective effects throughout life.

Chronic stress exposure can promote neural degeneration (reviewed in Schoenfeld and Gould, [@B204]), as can exposure to a salient, acute stressors. For instance, a single episode of maternal restraint during a critical period for limbic development (GD18) reduces the number of granule cells in CA1-3 of adult female (but not male) offspring (Schmitz et al., [@B203]). Female PNS rats also exhibit age-dependent reductions in hippocampal neurogenesis (Koehl et al., [@B134]) and repeated maternal restraint, not only reduces the production of adult-born neurons, but also the number of adult neural stem cells (Kippin et al., [@B128]). These cells are critical for limiting the damage induced by central insults (Li et al., 2010). Thus, PNS effects may also promote later degenerative processes, and/or reduce proliferative processes, in the rodent brain, predisposing organisms to neurodevelopmental/affective disorder. Unfortunately, the greater incidence of morbidity and mortality among PNS offspring limits what is known about the influence of PNS on neurodegeneration throughout development. However, PNS is also notably associated with vulnerability to substance use and addiction. Indeed, adolescents are uniquely vulnerable to engagement in drugs of abuse, which is co-morbid with neuropsychiatric disorder and can promote/facilitate neurodegenerative processes. While, PNS can alter fetal programming of the neuroendocrine axis, altering AlloP formation, direct evidence for involvement of AlloP formation, via PNS, in the etiology of neurodevelopmental and/or neurodegenerative disorders is not clearly established. However, AlloP administration is associated with improvement in rodent models of neurodegenerative disorders including Alzheimer's disease (Wang et al., [@B235]), ischemic brain insult (Sayeed et al., [@B201]), and traumatic brain injury (Djebaili et al., [@B48]). Further, AlloP formation is perturbed in a mouse model of Alzheimer's disease and P administration improves cognitive performance (Frye and Walf, [@B79]) and reduces depressive-like behavior (Frye and Walf, [@B81]) in a mouse model.

Conclusion
==========

In conclusion, PNS may influence fetal programming, promoting vulnerability to drug seeking/use as well as some co-morbid neurodevelopmental, neuropsychiatric, and/or neurodegenerative disorders. These sequelae may be partly associated with secondary effects of PNS to alter natural reward processes, promoting vulnerability to substance abuse, and addiction. Thus, for its role in modulating drug salience, endogenous reward, developmental-, neuropsychiatric-, and neurodegenerative-relevant sequelae, AlloP remains an intriguing target for investigation. The extent to which regulation/actions of AlloP contribute to the etiopathophysiology of various sex-typical, stress-sensitive, neurodevelopmental, neuropsychiatric, and/or neurodegenerative disorders that have their origins in early puerperal, mother--infant interactions is an open and critical question.
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